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Abstract 
The replacement of steel with lightweight carbon fibre reinforced polymer (CFRP) represents 
one of the alternatives seriously considered by carmakers in preparation for the emission 
regulations of the future. While CFRPs have been used for a few decades across several 
industries, the recent price fall of carbon fibres have also made CFRPs attractive for high-
volume automotive applications. Some challenges to address before the full-scale 
deployment of composites in the automotive industry are related to the efficient severing of 
carbon fibres. To address this, the present study investigated the effects of backing on the 
performance of carbon fibre severing through the development of a linear and a rotary cutter. 
The results obtained suggest that in addition to the foreseeable effect of backing hardness, the 
presence of backing wear marks and grooves also play a significant effect on the severing 
process. 
 
Keywords 
Composite material manufacturing, automotive engineering, fiber cutting, critical radius, 
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D-SMC – SMC Directline production line developed by Dieffenbacher. 
DSP – Digital Signal Processing. 
Durometer – is a measurement of the hardness of soft materials such as rubber. 
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FFT – Fast Fourier Transform is an algorithm to compute the frequency content in a signal. 
LVDT – Linear variable differential transformer. A type of electrical transformer for 
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SEM – Scanning Electron Microscope. 
SMC – Sheet Moulding Compound, a composite material usually for compression molding 
made from cut reinforcing fibre, filler material, and thermosetting resin.  
 xviii 
 
List of Appendices 
Appendix A: Carbon fibre specifications. ............................................................................ 100 
Appendix B: Glass fibre specifications................................................................................. 101 
Appendix C: Baseline blade drawing. .................................................................................. 103 
Appendix D: Linear cutter drawings. .................................................................................... 104 
Appendix E: Load cell specification sheet. ........................................................................... 112 
Appendix F: LVDT specification sheet. ............................................................................... 113 
Appendix G: LVDT signal conditioner specification sheet. ................................................. 114 
Appendix H: Load cell calibration data. ............................................................................... 115 
Appendix I: Peak finding algorithm. .................................................................................... 116 
Appendix J: Rotary cutter drawings. .................................................................................... 117 
Appendix K: Permissions. .................................................................................................... 129 
1 
 
Chapter 1  
1 Introduction 
1.1 Motivation 
As the cost of carbon fibre decreases, an increase in its use in mass production 
applications is occurring.  In the past decade, as predicted by (Warren 2001), the per-
kilogram cost of carbon fibres has decreased from US $330 to $22 - $33 (Lerner 2010).  
This decrease in cost is allowing carbon fibre reinforced polymers to be used in the 
automotive industry where  they were once primarily only justifiable for use in aerospace 
applications (Azarova and Kazakov 2011).  Many applications of carbon fibre composites 
require continuous fibres to be cut to specified lengths prior to being combined with a 
matrix material.  The mechanical properties of carbon fibre can make it challenging to 
cut, particularly with respect to consistent cut quality and blade wear.   
Sheet Moulding Compound (SMC) technology has been used in automotive for exterior 
body panels.  In the pursuit of more fuel-efficient vehicles, reducing the mass of the 
vehicle itself is crucial.  Braess and Seiffert suggested that 100 kg of additional vehicle 
weight has the effect of increasing fuel consumption by 0.3 to 0.6 litres per 100 km 
depending on the type of vehicle and engine (Braess and Seiffert 2005) 
The decreased density and increased modulus of carbon fibre compared to glass fibre 
allow for a part weight reduction by substituting the fibres in the appropriate ratio when 
the increase in cost can be justified.  This transition to carbon fibre reinforced composites 
has already begun to occur in automotive, aerospace, and defense industries (Morgan 
2005, Vaidya 2011). 
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D-SMC is a technology developed by Dieffenbacher to streamline the production of SMC 
parts by producing the SMC material in the same production line as the press.  This 
increases the automation of the process and eliminates the challenge of transportation and 
storage of semi-finished SMC material (Dieffenbacher 2014). 
 
Figure 1-1: D-SMC Process Overview. 
Figure 1-1 illustrates an overview of the D-SMC process with a glass fibre configuration 
(Dieffenbacher 2014).   
The mechanism which severs the continuous rovings uses a backed cutting method in 
which the fibre is cut by driving a blade into a compliant backing material which supports 
the fibre. 
1.2 Objective 
The principal objective of this work is to improve understanding of the effect of backing 
material properties on backed fibre cutting operations, particularly with respect to 
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possible optimizations of the hardness and shape of the backing material to improve the 
reliability and service interval of the cutting operation.   
1.3 Hypothesis 
The backed fibre cutting mode in the Dieffenbacher D-SMC line at the Fraunhofer 
Project Centre relies on the fibres being bent to beyond their critical radius, described in 
Section 2.1.1, to sever into cut fibre.  The purpose of the backing material is to provide 
sufficient force to bend the fibres around the blade edge to beyond their critical radius 
and to cause severing.  The hardness and shape of the backing material is therefore 
expected to influence the backed cutting process by affecting how well the fibres are 
forced to conform around the blade edge.  Softer backings allow for a deeper depth of 
plunge which provides a greater pressure normal to the honed and ground sides of the 
blade, illustrated in Figure 1-2. This increased distance will aid the fibres to conform 
against the blade tip.   
 
Figure 1-2: Plunge without fibre in 42a durometer backing. 
Harder backings will accelerate blade wear by increasing the pressure at contact between 
the fibre and the blade.   
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1.4 Contributions 
State-of-the art cutting mechanisms for brittle fibres use a backed fibre cutting mode that 
has experienced an increase in acceptance and demand and yet literature on such types of 
cutters is still sparse. This is the first study to be published on the effects of changing the 
backing durometer and shape in a backed cutting mechanism for brittle fibres.   
1.5 Outline 
Chapter 2 includes investigation into the fundamentals of fibre chopping with particular 
attention to the critical radius of glass and carbon fibres via loop ‘elastica’ testing, an 
overview of various cutting methods, and scanning electron microscopy of the effects of 
cutting method on cut quality.  To provide insight into the cutting mechanism, Chapter 3 
focuses on the design and application of two cutter testing apparatuses.  An instrumented 
linear cutting device was designed to provide insight into the cutting mechanism and a 
rotary cutter was designed to conduct accelerated wear tests on backed fibre cutting.   
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Chapter 2  
2  Background 
2.1 Properties of Carbon Fibre 
Carbon fibre is composed of at least 90% carbon by weight after pyrolizing a suitable 
precursor fibre (Minus and Kumar 2005).  It can be made by pyrolizing PAN or pitch 
precursors.   
 
Figure 2-1: Structure of a carbon fibre (used with permission from Minus and 
Kumar 2005). 
Atomically, the structure of carbon fibre consists of graphene layers separated by 
approximately 0.335 nm, shown in Figure 2-1.  The graphene sheets are held together 
relatively weakly by Van der Waals forces (Huang 2009).   
Carbon fibres are used for their high tensile modulus, high tensile strength, low density, 
high thermal stability and conductivity, and excellent creep resistance (Huang 2009).  
Most of the volume of carbon fibre produced is of PAN-based carbon fibres and as of 
2005, Toray Industries was the largest worldwide producer of fibres (Huang 2009). 
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While carbon fibres are known for their notable tensile properties, the compressive 
strength is also of interest when it comes to severing the fibres.  Figure 2-2 shows 
buckled regions of carbon fibre on the inside of a bend prior to fibre failure. 
 
Figure 2-2: Buckled regions of carbon fibre at the onset of compressive failure (gold 
coated) used with permission from (Jones and Johnson 1971). 
The highly ordered planar carbon sheets that contribute to carbon fibre’s high strength 
also contribute to its anisotropy (Hull and Clyne 1996).  In comparison with carbon 
fibre’s anisotropy, glass fibre is considered to be isotropic (Hull and Clyne 1996). 
2.1.1 Loop Test Background and Critical Radius 
The elastica loop test, described in (Doyne 1989) and (Allen 1983), can be used as a 
method of evaluating the strength of a brittle fibre.  In this method, the stresses in the 
loop can be estimated by relating the work required to bend a straight fibre into the 
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elastica shape with the strain energy in the shape. In this test, the fibre is oriented in an 
elastica shape as shown in Figure 2-3. 
 
Figure 2-3: Elastica loop shape. 
The elastica shape with a glass or carbon fibre can be produced by placing a loop of fibre 
between two glass slides.  Once the fibre is in this shape, it may be pulled at its ends until 
the point of fracture.  According to the elastica shape, the maximum curvature occurs at 
(0,0) as indicated in Figure 2-3, which is a tractable way to measure the point of 
minimum radius of the fibre as it is brought to failure by increasing the applied load at 
the ends of the fibre.  
In (Kozey, Jiang et al. 1995), the loop test is used to measure the compressive strength of 
carbon fibres under the hypothesis that the fibres fail first on the compressive side due to 
the non-uniform stress distribution across the cross-section of the fibre and the lower 
strength of carbon fibre in compression compared to tension.  The loop test was also used 
by Greenwood and Rose (1974) in the measurement of compressive strength of Kevlar 
y 
x 
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fibres. In this research, however, the bent radius at which the fibres fail is of primary 
interest, rather than estimating the strengths of the fibres.  This radius of fibre fracture is 
referred to as the fibre’s critical radius.   
 𝒓𝒎𝒊𝒏 =
𝑬𝒅
𝟐𝝈∗
  ( 1 ) 
For an isotropic brittle material, its critical radius can be estimated with Equation 1 (Hull 
and Clyne 1996), where rmin is the critical radius, E is the elastic modulus of the fibre, d is 
the diameter of the fibre, and 𝜎∗ is the brittle failure stress of the fibre. 
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2.2 Known Fibre Severing Methods 
The most common methods of severing fibres used in commercial devices are illustrated 
in Figure 2-4 and described below. 
 
Figure 2-4: Fibre severing methods.  a) Unbacked cutting b) shearing c) fibre build-
up cutting d) deformable backing cutting. 
During unbacked cutting, Figure 2-4 a), it is only the fibres that contact the blade.  The 
fibres are clamped on both sides of the blade to allow the blade to be driven through the 
fibres.  Unbacked cutting may be beneficial for blade wear since it eliminates blade 
contact with a backing material.  It works well on brittle fibres but not well on ductile 
fibres, which can have a significantly smaller critical radius (Der Mast Willem Frans 
2002, Der Mast Willem Frans 2005). 
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The shearing mode of fibre severing, Figure 2-4 b), occurs when blades move past one 
another to cut the fibre, similarly to how scissors cut.  Managing the effects of tool wear 
can be a challenge and precise control over the components is required (Mylo 1967, 
Minifibers 1981). 
In fibre build-up cutting, Figure 2-4 c), the fibre is forced between a knife reel and either 
a cam or a press roll until the force on the knife edge is sufficiently high to cut the 
fibres.  This method works on both brittle and ductile fibres and there are numerous 
patents which use the method (Farmer and Keith 1973, Van and Hawkins 1973, Laird, 
Walsh et al. 1975, Farmer, Keith et al. 1976, Minifibers 1981, Harris 2000). 
In deformable backing cutting, Figure 2-4 d), a blade is driven into the fibre roving and 
backing material until the fibre is severed.  Fibres are typically cut when they are bent to 
beyond their critical radius (Gay 1983). 
In addition to the commercially known methods described above, fibres can be severed 
by laser, high pressure water, crushed, or pulled to the point of tensile failure. 
2.3 General Wear of Cutting Tool 
There are several ways that cutting tool wear can be characterized.  Blade wear can be 
characterized directly or indirectly.  An indirect method of blade wear may be a 
measurement of force required to make a cut, and more direct observations could include 
mass loss of blade material, volume loss of blade material, or change in the profile of the 
blade edge.  Tool wear can be attributed to abrasion, adhesion, diffusion, oxidation, and 
plastic deformation (Astakhov 2004) with plastic deformation primarily occurring at 
higher tool-chip temperatures of around 1000 – 1200 ºC. 
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During blade manufacturing, the edge is generally first ground and then honed at the tip.  
The angles of the grind and hone are illustrated in Figure 2-5. 
 
Figure 2-5: Hone and grind angles of blade. 
2.4 Properties of Backing Materials 
Polyurethane elastomer is the type of backing material used in the Fraunhofer Project 
Center D-SMC line.  Polyurethane is a suitable backing material due to its availability in 
varying hardnesses and adequate strength for its relatively low hardness.  
Polyurethane has a relaxation modulus that depends on time and therefore exhibits 
viscoelastic properties (Cooper and Tobolsky 1966).  During backed cutting, the 
viscoelasticity of the polyurethane would cause some energy to not be recovered from the 
backing and instead converted to heat in the backing during the cutting operation.  
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2.5 Wear and Degradation of Backing 
Wear of the backing material can be inspected qualitatively and quantitatively.  
Qualitative observations include optical imaging of the backing for changes in the 
appearance of the surface of the backing.  Wear can be imaged and observed as visible 
cuts shown in the backing material. 
Quantitatively, surface roughness measurements can be made on the backing with a 
stylus-based surface profilometer.  This type of surface profilometer works by measuring 
the movement of a stylus when dragged over a surface.  This type of profilometer is 
generally used on a hard material such as steel, but measurements taken on a softer 
backing may also have validity. While measurements of the progression of surface 
roughness on the same backing may be meaningful, caution should be taken when 
comparing measurements between varying backing hardnesses due to the difference in 
the way the stylus of the profilometer causes more or less deflection in softer or harder 
materials.    
The wear of the backing can also be observed indirectly by changes in the measurement 
of the force or displacement in the cutting apparatus.  Indirect tool wear measurement has 
been attempted through monitoring the machine and the cutting process.  In (Dimla Snr 
2000), machine vibration and cutting forces (dynamic and static) are stated to be the most 
widely applicable parameters for assessing tool wear. 
2.6 Load and Position Measurement Techniques 
There are two main concepts in force measurement; piezo-electric load cells and strain-
gauge load cells.  There are others such as load measurement through the measurement of 
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pressure, load balances, or variations of measuring displacement in an elastic element of 
known stiffness (Hunt 1998).  
Piezo-electric load sensors can be used to measure force by straining a piezo-electric 
material and measuring the voltage produced.  Piezoelectric sensors are generally used in 
dynamic loading conditions, but are not ideal in low frequency applications due to the 
tendency of the measured voltage from the piezoelectric material to drift in a steady or 
low frequency loading condition, proportional to its discharge time constant (Hunt 1998). 
Since tests will be conducted at varying loading frequencies, a piezoelectric load sensor 
would have significant uncertainty due to its reduction in accuracy for low frequency 
applications. 
Strain-gauge based load cells can be used to measure force by applying a specified 
excitation voltage to the strain gauge array in a Wheatstone bridge and measuring the 
voltage response as strain is applied to the gauge which is attached to an elastic element 
(Hunt 1998).  Strain-gauge based load cells appropriate for low frequencies and static 
loading, have high repeatability, and have flexibility in mounting options.  A drawback of 
a strain-gauge based load cell is that it is relatively massive, and may have a natural 
frequency that becomes excited during testing.  The natural frequency of the load cell as 
well as the testing apparatus should be understood to provide additional context to data 
measurements. 
A commonly used transducer for position measurement is a LVDT due to its ability to 
have very high accuracy, repeatability, and reliability (Wilson 2004).  A LVDT has an 
output proportional to the movement of a magnetic core which allows the sensor to be 
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contactless (Wilson 2004).  The contactless nature of the sensor is of particular 
importance when measuring position concurrently with very small changes in force.  A 
linear potentiometer, by contrast, has a frictional force that opposes the motion of the 
linear sensor which might be observable in the data, depending on the design of the 
instrumented device.  A drawback of a LVDT is that it requires a signal conditioner to 
control the LVDT and output an analog signal for most data acquisition systems to 
interpret its output (Wilson 2004).   
The usefulness of a data acquisition system is affected by the system’s resolution, 
accuracy, repeatability and hysteresis.  Resolution refers to the minimum signal change 
that is reliably detectable by the instrumentation (Wilson 2004).  Resolution is important 
for significant changes in signal to be measured and is controlled by the number of bits of 
the analog to digital converter of the data acquisition system.  The accuracy of the system 
is important for the system to return a value that is representative of what is being 
measured.  Calibration of a sensing apparatus is important for it to be able to read 
accurately, as is specifying components that cover the operating conditions of the sensing 
apparatus.  Repeatability is the ability for a measurement system to consistently measure 
the same result across multiple examples of the same test.  Hysteresis refers to the ability 
of a sensing system to measure the same signal response as a system is loaded and 
unloaded.  Similarly to repeatability, hysteresis is a function of the selected components.   
2.7 Signal Processing 
Depending on the distribution and type of noise, filtering can be used to increase the 
quality of the data and reduce the negative effect of noise.   
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The most common filter in digital signal processing is the moving average filter.  It is 
regarded as the primary filter for time domain signals due to its ability to reduce random 
noise while retaining a sharp step response (Smith 1997).  Equation 2, below, shows the 
formula for a moving average where x[ ] is the input signal, y[ ] is the output signal, and 
M is the number of points used in the moving average (Smith 1997). 
 𝒚[𝒊] =
𝟏
𝑴
∑ 𝒙[𝒊 + 𝒋]𝑴−𝟏𝒋−𝟎  ( 2 ) 
In the implementation of a moving average filter, there is a relationship between the step 
response of the filter and the noise reduction that the filter achieves.  To increase the 
noise removal of a moving average filter, the number of points in the filter can be 
increased, however this decreases the step response of the filter, meaning that sharp rises 
in the signal can be lost and represented as gradual changes which could differ 
significantly from the original signal. 
 
Figure 2-6: Qualities of multiple-pass moving average filters. a) shows 7 point 
moving average filter kernels passing over data 1, 2, and 4 times b) shows step 
responses of the same filter in a) used with permission from (Smith 1997). 
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FIGURE 15-3 
Characteristics of multiple-pass moving average filters. Figure (a) shows the filter kernels resulting from
passing a seven point moving average filter over the data once, twice and four times. Figure (b) shows the
corresponding step responses, while (c) and (d) show the corresponding frequency responses. 
the signal's information is encoded in the time domain. For instance, the
temperature monitor in a scientific experiment might be contaminated with 60
hertz from the power lines, 30 kHz from a switching power supply, or 1320
kHz from a local AM radio station. Relatives of the moving average filter
have better frequency domain performance, and can be useful in these mixed
domain applications. 
Multiple-pass moving average filters involve passing the input signal
through a moving average filter two or more times. Figure 15-3a shows the
overall filter kernel resulting from one, two and four passes. Two passes are
equivalent to using a triangular filter kernel (a rectangular filter kernel
convolved with itself). After four or more passes, the equivalent filter kernel
looks like a Gaussian (recall the Central Limit Theorem). As shown in (b),
multiple passes produce an "s" shaped step response, as compared to the
straight line of the single pass. The frequency responses in (c) and (d) are
given by Eq. 15-2 multiplied by itself for each pass. That is, each time domain
convolution results in a multiplication of the frequency spectra.
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Multiple-pass moving average filters involve passing the input signal
through a moving average filter two or more times. Figure 15-3a shows the
overall filter kernel resulting from one, two and four passes. Two passes are
equivalent to using a triangular filter kernel (a rectangular filter kernel
convolved with itself). After four or more passes, the equivalent filter kernel
looks like a Gaussian (recall the Central Limit Theorem). As shown in (b),
multiple passes produce an "s" shaped step response, as compared to the
straight line of the single pass. The frequency responses in (c) and (d) are
giv  by Eq. 15-2 multiplied by itself for each pass. That is, each time domain
convolution results in a multiplication of the frequency spectra.
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A variation on the moving average filter is the multiple-pass moving average filter.  In 
this filter, the signal is passed through the moving average filter multiple times.  This has 
the effect of further attenuating noise in the signal while softening the step response of 
the filter as visualized in Figure 2-6.  As the number of passes of the filter increase, the 
filter approaches the behaviour of the Gaussian filter, but it is more computationally 
efficient (Smith 1997).  The multiple-pass moving average filter will therefore be a 
suitable filter for the time-domain data to be acquired, processed, and analysed in later 
chapters. 
2.8 Basics of Taguchi Design of Experiments 
Taguchi’s quality engineering handbook, (Taguchi, Chowdhury et al. 2004) introduces a 
design optimization tool that aims to provide a systematic and efficient technique to 
determine a set of design parameters optimized to maximize signal-to-noise ratio and to 
identify which design parameters have the most significant effect on the desired process 
outcome. 
In the Taguchi design of experiments, control factors are design parameters that can be 
designed into the process or product.  The angle of hone on a blade edge or the thickness 
of a backing material are examples of possible control factors.  Each control factor has a 
number of levels, depending on the number of experiments to be performed.  Noise 
factors are factors outside of the fixed control of the process or product designer, such as 
the speed of the operation.  A robust process is described as one in which the noise 
factors have minimal effect on the result of the process.  An orthogonal array lays out 
experiments with a combination of control factors that allow the influence of each control 
factor level to be measured without having to test every possible combination.  This is 
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possible by assuming that the control factors do not influence one another and by 
neglecting the interdependence of the control factors. 
In the Taguchi analysis it is desired to maximize the signal to noise ratio.  The noise is 
the variation in the result of the experiment due to the effects of the noise factors and 
experimental variation.  Ideally, in a robust process, the noise factors have no effect on 
the result of the process (Taguchi, Chowdhury et al. 2004). 
The results of the experiments can be analyzed to show which design parameters had 
dominant influence on the both the signal-to-noise ratio and performance of the design, as 
well as which level of the design parameters suited the process most ideally. 
(Yang and Tarng 1998) used the Taguchi method to optimize cutting parameters in a 
turning operation.  The Taguchi method was also used to optimize the cutting parameters 
for a glass fibre cutting operation (Yang, Sheu et al. 2008).  Similarly, the approach may 
be used to optimize the parameters in a fibre cutting operation.  
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Chapter 3  
3 Experimental Procedures 
3.1 Materials 
3.1.1 Description of Fibres 
The carbon fibres used for wear testing were selected by the industry partner in this 
project, Dieffenbacher.  The selection was based on conversations with fibre and resin 
suppliers that would be most likely to produce the Class A surface that is desired from 
carbon fibre D-SMC.  The selected fibre was a 12K Toray’s T700 with F0E sizing which 
is a high strength standard modulus PAN-based carbon fibre with 12,000 fibres per 
roving.  The tensile strength of the fibre is 4,900 MPa, the tensile modulus is 230 GPa, 
density is 1.8 g/cm3, nominal filament diameter of 7 µm (Toray 2015).  The fibre has a 
light amount of sizing which resulted in the fibres separating from one another during 
cutting.  This was suspected to be a desirable property for fibres in the carbon SMC 
process. Manufacturer carbon fibre specifications are listed in Appendix A.   
The glass fibre used for loop testing is the SMC Roving 272, a commonly used E glass 
for SMC material.  The fracture strength of E glass is approximately 2,000 - 3500 MPa, 
the tensile modulus is 76 - 80 GPa (Hull and Clyne 1996), the density is 2.6 g/ cm3, and 
the nominal filament diameter is 13.5 µm (Johns_Manville 2015).  Manufacturer glass 
fibre specifications are listed in Appendix B. 
3.1.2 Description of Backing Material 
The backing material selected for the wear study was chosen based on available hardness 
range, strength, and similarity to the 65a durometer of the backing of the cutter installed 
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at the Fraunhofer Project Center which was a polyurethane backing.  The polyurethane 
sourced for the rotary cutter was ordered from McMasterCarr.com.  The strengths of the 
polyurethane available on McMasterCarr.com were listed with 40A durometer tubes 
being 850 psi, 60A tubes being 4000 psi, and 80A tubes being 6500 psi in strength 
(McMaster-Carr 2015).  The measured hardnesses of polyurethane tubing used for 
experimentation are listed in Table 3-1.  The polyurethane was ordered in tubes for the 
rotary cutter design. The polyurethane tubes had varying amounts of radial run-out.   
Table 3-1: Nominal and measured hardnesses of McMasterCarr polyurethane 
tubing. 
Nominal 
Durometer 
(Shore A) 
Measured 
Durometer 
(Shore A) 
40a 43a 
60a 64a 
80a 84a 
For the Taguchi design of experiments linear trials, the polyurethane was ordered from 
Smooth-On as a two-part pourable mixture.  This allowed a mold to be machined for 
casting the urethane into the desired shapes and thicknesses. 
3.1.3 Description of Blades 
There are two types of knives used in this work.  One is called ‘FPC’ and the other is 
called ‘baseline’.  Both new and used ‘FPC’ blades were imported from Dieffenbacher 
Germany as examples from the SMC machine that was originally used to process carbon 
fibre.  Due to lack of availability of the quantity of new ‘FPC’ blades that would be 
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required for the testing, the ‘baseline’ blade was specified and ordered to have similar 
geometry and material properties to the ‘FPC’ blade.   
 
Figure 3-1: Optical microscopy of new 'baseline' a) and 'FPC' b) blades. 
The ‘baseline’ blade, part number EG-5200SH10 from Cadence Inc. had a grind angle of 
9 degrees and a hone angle of 16.  The FPC blade had a grind angle of approximately 9 
degrees and a hone angle of 12.4 degrees, these angles were measured in an optical 
microscope.  The manufacturer drawing for the baseline blade is in Appendix C. 
. 
Microhardness tests were performed on the blades using the Microhardness tester in 
Spencer Engineering Building at the University of Western Ontario.  All tests were 
performed with a 1 kg load and 15 second time.  The machine was tested with a 33.5 
Rockwell C calibration piece and measured 33 Rockwell C.  Across 4 measurements, the 
‘FPC’ measured 63.7 Rockwell C and the ‘Baseline’ blade measured 60.3 Rockwell C. 
a) b) 
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The ‘FPC’ blades were made from C85S steel.  The ‘baseline’ blades were made from 
M2 HSS and tempered to Rockwell C 63 – 66 and had an average measured hardness of 
Rockwell C 60.3.  
3.2 Linear Cutter Development 
The linear cutter developed for this project was created to provide the ability to 
accurately measure the cutting force as a function of blade displacement.  The data are 
analyzed to provide insight into the effects of a variety of process parameters, including 
backing stiffness, blade geometry, fibre types, and fibre tow size. 
3.2.1 Details of Components, Functions, Design Considerations 
The linear cutting device was developed to measure the position and force during cutting 
carbon fibres with sufficient accuracy and with the flexibility to cut a variety of fibre 
types, sizes of roving, blade types, backing variety or no backing, and at varying cutting 
speeds.  The assembly is shown in Figure 3-2 and full drawings of the linear cutter 
components are in Appendix D. 
For position control, the Fadal Machining Centre installed in the Computer Numerically 
Controlled Manufacturing Lab in the Spencer Engineering Building was used because it 
offered precise control over cutter position by using g-code to control the vertical axis of 
the machine. 
3.2.2 Specifications of Equipment 
The components used in the experimental setup were a National Instruments USB-6210 
16-bit data acquisition, LabView 12.0.1, Omega LC-101 25lb load cell, Measurement 
Specialties HR-500 LVDT, Fadal CNC Machining Center, Penny and Giles UCM LVDT 
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signal conditioner, BK Precision 1670A 0V to 30V power supply, laboratory 0g to 5000g 
scale, amplified computer speakers, and LG Nexus 5 smartphone with FG frequency 
generator app Version 1.41.  Matlab 2014b was used for data analysis. 
 
Figure 3-2: Overview of instrumented linear cutter. 
The maximum sampling frequency of the NI USB-6210 is 250,000 samples per second 
scanning between channel (Instruments 2015).   
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The LC-101 25lb load cell has linearity of +- 0.03% of full scale output and repeatability 
of +- 0.01% of full scale output.  It uses multiple strain gauges to reduce sensitivity to 
side loads. It uses a 10V excitation voltage and has a sensitivity of 3 +- 0.0075 mV/V.  
The manufacturer specification sheet for the load cell is in Appendix E. 
The LVDT specification sheet is in Appendix F.  The Penny and Giles UCM LVDT 
signal conditioner specification sheet is in Appendix G. 
3.2.2.1 Equipment Setup 
The sampling rate was chosen to be 15 kHz.  Although this is a higher sampling rate than 
the minimum recommended by the sampling theorem rate of twice the rate of the highest 
frequency content of the signal (Smith 1997), the higher sampling rate allowed the 
possibility of observing higher frequency content in the event that higher frequency 
signals became of interest, as well as reduced the chances of aliasing in the data.  The 
trade-off for higher sampling frequencies is increased file size and computational time 
and this was accepted since even at the 15 kHz sampling rate, the test files were of a 
manageable size and could be processed using Matlab 2014a in less than 10 seconds. 
Electrical noise in the system was reduced by grounding each component requiring direct 
power to the negative terminal of the power supply. 
Once the testing equipment was connected and verified to be functioning correctly, the 
sensors were calibrated. The calibration of the load cell was conducted against a 5000g 
capacity laboratory scale.  The load cell was excited with the specified voltage of 10V 
and connected to the data acquisition system.  To increase the load in the system, the 
CNC machining center was lowered at increments of 1/1000”.  This was sufficient to 
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correspond with load increments of approximately 5 Newtons and the operation was 
repeated until the maximum load of the scale was reached.  The calibration curve was 
inputted into the LabView interface and the accuracy of the sensor was verified to be 
within 0.2% of the true value measured on the calibration scale.  The accuracy of the 
calibration scale was verified against a precision weight set. The load cell calibration 
curve is in Appendix H. 
3.2.2.2 Natural Frequency Characterization of Measurement System 
As discussed in the background section, the linear cutting apparatus had a natural 
frequency that might be excited during testing and affect the measurement results.   
Figure 3-3: Excitation and FFT of load cell signal after the testing apparatus is 
bluntly tapped. 
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The natural frequency was measured in two separate ways.  The first was to bluntly tap 
the sensing apparatus, Figure 3-3, and measure the resulting oscillation in force and the 
second was to use a voice coil to apply force to the load cell in a frequency sweep 
(Figures 3-4, 3-5). 
The load cell was tapped and the signal response was observed.  Matlab was used to 
perform a FFT analysis on the signal, which identified a single distinct peak at 201.7 Hz. 
To obtain the frequency response of the sensing apparatus, an amplified voice coil was 
fixed to the load cell and the voice coil was actuated upon with a frequency sweep from 1 
Hz to 250 Hz over a period of 4 minutes. 250Hz was selected as the upper bound on the 
frequency sweep to capture all of the frequency peaks which were indicated during a FFT 
on previous testing data. Data were logged at a sampling rate of 20 kHz per channel of 
voice coil voltage, load cell load, load cell excitation voltage, and LVDT position. 
 
Figure 3-4: Voice coil excitation of testing apparatus. 
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Figure 3-5: Frequency response of testing apparatus upon voice coil frequency 
sweep actuation. 
The FFT similarly indicated a peak frequency content of 202.2 Hz when excited by the 
voice coil.  The sensing apparatus therefore responds with a frequency of approximately 
201 Hz when it is allowed to freely vibrate.  
3.2.3 Experimental Setup 
Prior to each experiment, the linear cutter went through a setup procedure to ensure the 
quality and usefulness of the data.  The first step was to determine the position at which 
the blade contacts the backing material for each test configuration.  After the blade was 
installed, the load cell was reset to 0.00 N the position of the blade was lowered in 
increments of 0.03 mm until a force was observed on the data logger channel. This 
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position was used to set the zero position datum in the produced graphs and data analysis, 
and, combined with an offset, to start and stop the recording of the data files.   
The second step was to determine how deeply the blade needed to be driven into the 
backing for a consistent cut to be made that severed all of the fibres.  For each test 
configuration, the plunge depth at cut was carefully measured by performing tests at 
increasing depths until the fibres were severed and the blade plunged slightly beyond it, 
typically in the range of 0.25 mm to 0.8 mm.  In the characteristic curve described in 
3.2.5, this additional plunge is the difference between the local minimum force and the 
maximum displacement.  
The CNC machine was then programmed to plunge the blade to the specified plunge 
depth and test were performed.  Typically, 3 tests were performed with and without fibres 
present to improve statistical significance compared to a single test. A larger number of 
tests would have significantly increased the number of required experiments. 
3.2.4 Signal Processing 
After the data were collected, it was necessary to filter the data for the peaks in the data 
to be consistently and accurately identified.  To accomplish this, a multiple-pass moving 
average filter was applied.  The number of points in the multiple pass moving average 
filter was chosen to maintain a sharp response to the signal while still removing enough 
noise to maintain the ability for the data to be consistently processed with minimal user 
intervention.  The number of points selected for the moving average filter was 50 based 
on testing with varying sizes of windows.  At the sampling rate used, a 5 pass 50 point 
moving average filter approximated the response of a 70 Hz low pass Gaussian filter. 
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Figure 3-6: Filtered and raw data of cut. 
A peak finding algorithm, in Appendix I was developed to provide increased control and 
adjustability compared to the peak finder packaged with Matlab.  The peak finder 
functions by comparing a given point to the average of a window of points around the 
given point which allows the possibility of identifying maxima and minima in a set of 
data. 
3.2.5 Linear Cutter Characteristic Curve 
A typical force and position data relationship can be produced to show the ‘characteristic’ 
curve from which meaningful data points can be extracted and compared between data 
sets produced by different testing device setups. 
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Figure 3-7: Characteristic curve of carbon roving cut on backing in linear cutter 
with sharp blade. 
To produce the characteristic curve, two steps were required.  First, the backing datum 
was set as described in Section 3.2.3.  Second, a fibre roving was placed on the backing 
and the apparatus was plunged to a peak displacement which depended on that 
combination of fibre, blade, and backing material.  The peak displacement was set by 
determining the point at which the fibres were all cut, and then plunging a small extra 
amount, typically in the range of 0.25 mm.  After the peak displacement was achieved, 
the blade was retracted.   
The peak cutting force, labelled on Figure 3-7, indicates the point at which the chop was 
considered to occur.  After the drop in force occurs and the knife is still plunging, the 
force dropped to what is called a local minimum.  At the local minimum, all fibres were 
considered to have been cut by being bent to beyond their critical radius.  In most cases 
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the fibres were ejected from the cutter which explains the drop in force to the local 
minimum from the peak cutting force. 
3.2.6 Work Metrics on Fibre Cutting 
The work during the operation was calculated by integrating the force curve with respect 
to position.  The total work and the work to local minimum were the two quantities of 
work that were calculated.  The work to local minimum was the work under the force 
versus position curve from the point at which the knife contacts the roving to the local 
minimum cutting force, and the total work was the total work completed in a full cycle.  
These quantities are illustrated in Figure 3-8 and Figure 3-9 below. 
The work due to the backing only was obtained by plunging the blade into the backing 
with no fibres present.  This quantity is shaded in green in Figure 3-10.  As described in 
the background section, the work due to the backing is mostly due to the viscoelastic 
property of the backing material as some of the energy stored in the backing is reduced to 
heat and not recovered.  
Work to cut fibres is approximated by the total work during fibre cut minus the work due 
to backing.  This quantity is shaded in red in Figure 3-11.  This is not a perfect 
calculation due to experimental error and the difference in work after the local minimum 
between the test with and without fibres.  This error was minimized by using exactly the 
same CNC program and datum position for the trials with and without the fibres present. 
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Figure 3-8: Total work during cut shaded in blue. 
 
Figure 3-9: Work until local minimum shaded in blue. 
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Figure 3-10: Work due to backing shaded in green. 
 
Figure 3-11: Work to cut fibres shaded in red, approximated by subtracting work 
due to backing from total work during cut. 
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3.2.7 Flow Chart of Program 
A LabView virtual interface and a Matlab program were created.  The LabView virtual 
interface was created to manage the setup of the experimentation, including data file 
naming, sensor calibration, automated file recording, and reducing the chances of human 
error where possible.   
The Matlab program was used to analyze the data files for extraction of the key points in 
the characteristic curve, calculate work, plot the results for interpretation and visual error 
checking, and summarize the results of the analysis. 
 
Figure 3-12: Labview virtual interface front panel. 
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Figure 3-13: Labview virtual interface back end. 
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The Labview interface was designed to provide all the relevant information to the 
experimenter.  To reduce the file size and potential for human error, recording of the files 
was automated by triggering the recording at a specified amount above the position at 
which the blade contacted the backing material.  The touching position was recorded into 
the test files for use in the Matlab program as an offset to allow the force versus position 
curves to have a position index of 0 at the point of contact between the backing and the 
blade. 
The back end of the Labview interface was designed to filter the position and load signals 
to improve displaying of the signals on the front end, and to facilitate automated file 
recording.  
 
Figure 3-14: Process for Matlab data analysis. 
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The Matlab program was developed to process the flow chart in Figure 3-14.  A 0.35 N 
force cut-off was selected for force extraction to distinguish the measured signal from 
noise that was present in the data. 
3.3 Rotary Cutter Development 
The rotary cutter was designed to cut spools of carbon fibre roving into 25mm pieces to 
assess the progression of wear on the blades, progression of wear on the backing, the 
production of dust, and the failure modes of this type of cutting device.  The design is 
shown in Figure 3-15.  Fibres were fed through the feed eyelets from the roving spool, 
were gripped between the pinch roll and backing roll, then chopped between the backing 
roll and the blade holder.  The device was contained within an acrylic case which was 
continuously evacuated by a vacuum fitted with fine-particle filtration to reduce exposure 
of the experimenters to small particles of carbon fibre. 
 
Figure 3-15: Rotary cutter design overview. 
Blades and 
Blade Holder 
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3.3.1 Design Considerations 
The rotary cutter was designed to be simple and adaptable for varying experimental setup 
configurations if desired.  The backing roller and blade holder were designed to be 
interchangeable for the device to be driven from either the backing or the blades.  In the 
experiments used in this work, the blade roller was driven directly by the motor and its 
torque transferred through friction and the blades into the backing roll then into the pinch 
roll.  The pinch roll was designed to be adjustable on a vertical slot for the effect of 
pressure to be observed, it is a steel spool.  The holder for the backing roll is also 
mounted in slots to enable the adjustment of pressure between the backing roll and the 
blade holder.  This pressure would be manually set to a minimum that would allow the 
roving to feed without problems.  The blade holder had 10 radial slots to hold each of the 
blades, which were secured with two set screws each.  The blades were spaced to create 
25mm long cut sections which is approximately the same length that is used in the 
Fraunhofer Project Centre cutter.  The pinch roll provided pressure between itself and the 
backing roll, pinching the fibres to feed them into the cutter.  Drawings for the rotary 
cutter components are in Appendix J. 
3.3.2 Source and Modifications 
Although not shown in Figure 3-15, the device was designed to be using a motor and 
motor controller previously purchased from Van Der Mast Industrial Innovations as 
components of the Chopcot cutter system.  The motor mounts to the back of the base 
plate, and as configured in Figure 3-15, the drive shaft of the motor mates directly into 
the blade holder. 
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All custom fabricated components in the rotary cutter were fabricated by University 
Machine Services at the University of Western Ontario and the backing material was 
ordered from mcmastercarr.com.  
3.3.3 Blade Positioning 
The depth of blade plunge into the backing is an important parameter in cutting and 
therefore should be carefully controlled.  A blade indexing tool was developed to 
consistently and accurately position the blades in the blade holder, shown in Figure 3-16..   
 
Figure 3-16: Blade indexing tool. 
The specified blade plunge depth dimension was set based on tests in the linear cutter 
which determined the necessary plunge depth plus an offset based on the measured radial 
run-out of the backing roll.  If the plunge depth is too shallow, cuts will not consistently 
be made when running the rotary test, and if it is too deep, unnecessarily accelerated wear 
of the blades or backing may occur.  A blade datuming tool was machined for each 
backing and blade combination that required different plunge depths.  Acrylic material 
was used for the indexing tool to reduce the chances of damaging the blade edge due to 
Machined 
acrylic 
Specified blade 
plunge depth 
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its lower hardness while still having sufficient strength and hardness to position the blade 
firmly. 
 
Figure 3-17: Setting the blade datum with the indexing tool. 
The procedure for setting the blade position in the blade holder lets the blades be 
consistently set into the blade holder.  The first step was to gently snug the blade-holding 
set screws with the blade protruding an extra amount from the blade holder.  The second 
step was to carefully press the datuming tool against the blade holder to seat the blade in 
its position and then tighten the set screws.  After the blade is set in place, a Vernier 
caliper was used to double check the blade’s position within a bilateral tolerance of 0.01 
mm.  
3.4 Description of Experiments 
The first set of experiments in this project were to verify whether carbon fibres and glass 
fibres both consistently undergo a brittle fracture when bent to a minimum ‘critical’ 
radius and if they did, then to quantify these radii to compare them.  The next test was to 
Indexing tool 
pressed against 
blade holder 
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develop an instrumented fibre cutter to gain insight into the forces and behaviour that 
occur during the severing of fibres in a backed cutting apparatus.  Once insight into the 
cutting mechanism was obtained, parameters in the linear cutter such as backing 
hardness, blade shape, and backing thickness were varied to understand their relative 
influence of each of the parameters.   
The next set of tests aimed to investigate the modes and effects of wear on the 
performance of the cutting device.  This was achieved through the design and 
construction of a rotary cutter device which would replicate the wear that is seen on an 
industrial cutter in observation.  This wear was assessed by observation of the backing 
and blade wear using optical microscopy, scanning electron microscopy, and data 
acquired during tests with the linear cutting device 
3.4.1 Loop Test Method and Results 
To measure the critical radius of the fibres, two methods were evaluated and compared.  
The first method was to tie a single carbon fibre into an overhand knot and place it 
between two glass slides under an optical microscope, then progressively tighten the knot 
until failure.  White paper was placed under the slides to improve contrast with the fibre.  
The parallel glass slides oriented the knot approximately perpendicular to the view finder 
of the optical microscope.   
There was uncertainty in how accurately the captured image represented the radius of the 
fibre fracture.   To minimize uncertainty of this given resource constraints, rather than 
still images, a video was captured at 10 frames per second as it was pulled to fracture. 
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Figure 3-18: Knot test on carbon fibre. 
Even with the improved video capture, measuring the minimum radius of the fibre at the 
point of fracture was uncertain because in a knot there are several places of similar and 
small radii which made the identification of minimum radius and therefore point of 
fracture difficult.  The second type of testing called loop ‘elastica’ testing would reduce 
this uncertainty by creating a single location of minimum radius in the specimen. 
In the loop elastica method, the fibre was positioned into a loop under two glass slides.  
This is less stable and therefore more difficult to setup than the knot testing due to the 
tendency of the loop tending to unfold into a straight fibre if the slides were accidentally 
allowed to separate during testing.  Although this method is more challenging to setup, 
the curvature is at a maximum at the top of the loop and it is therefore more tractable to 
measure the shape of the loop close to the time of fracture. 
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Figure 3-19: Loop 'elastica' test on carbon fibre. 
In this mode, the fibre is loaded on the outer arc in tension and on the inner arc in 
compression.  Since the failure occurs very quickly in a brittle fashion it is difficult to 
determine whether the fibre first fails on the tension or compression side of the arc. 
In the surveyed literature, the purpose of loop testing was to estimate the failure stress of 
brittle fibres by estimating the strain energy in the loop at fracture.  However, for this 
research, the primary interest of loop testing is to determine the minimum radius at which 
the fibre can be bent to without fracturing. 
There were several sources of uncertainty in this testing.  One was due to the possibility 
of the fracture occurring between frames of the captured video.  The maximum error due 
to this source was calculated to be 5% based on comparing the difference in radius 
between the two frames prior to fracture.  This assumed that the speed of radius change 
was constant during fracture.  To minimize this error in the testing setup, care was taken 
during experimentation to apply tension to the loop in a slow and progressive fashion 
Minimum 
Radius 
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Tension 
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since the magnitude of uncertainty was proportional to the rate of curvature formation in 
the fibre. 
Uncertainty could also be attributed to the loop under the slides not laying perfectly 
perpendicular to the viewfinder of the microscope.  This angle is due to the height 
difference between the tip of the elastica with minimum radius and the fibre crossing over 
itself at the base of the elastica shape.  Given the measurements taken during the loop 
test, the maximum angle between the loop and the microscope stage was 2.7 degrees.  
This error would not be easily reduced by modification of the experimental procedure 
and was neglected. 
The critical radii of the glass and carbon fibres are summarized in Table 3-2 below. 
Table 3-2: Critical radii of Toray T700 carbon fibre and Johns Manville SMC 
Roving 272 glass fibre measured by loop test. 
Sample 
Radius 
(µm) 
Sample 
Radius 
(µm) 
Carbon 1 66.5 Glass 1 160.6 
Carbon 2 60.7 Glass 2 198.1 
Carbon 3 56.6 Glass 3 124.3 
mean 61.3 mean 161.0 
std. dev. 5.0 std. dev. 36.9 
The loop test also provided the opportunity to measure the diameters of the fibres, 
summarized in Table 3-3 below. 
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Table 3-3: Diameter measurements of Toray T700 carbon fibre and Johns Manville 
SMC Roving 272 glass fibre. 
Sample 
Diameter 
(µm) 
Sample 
Diameter 
(µm) 
Carbon 1 7.3 Glass 1 13.6 
Carbon 2 7.9 Glass 2 13.7 
Carbon 3 7.0 Glass 3 13.8 
Carbon 4 6.4 Glass 4 13.5 
Carbon 5 7.0 Glass 5 13.8 
Carbon 6 7.1 mean 13.7 
Carbon 7 7.0 std. dev. 0.1 
mean 7.1   
std. dev. 0.4   
Using Equation 1 and the glass fibre properties and average diameter measured above, 
the glass fibre’s theoretical critical radius is 160 µm, which correlates well with the 
measured value.  Although Equation 1 is only suitable for isotropic materials, the 
theoretical critical radius for the carbon fibre would have been a similar 165 µm, which 
does not correlate well with the measured critical radius.  Although this was not explored 
in detail in this work, the difference between the isotropic theoretical critical radius and 
the measured critical radius is likely due to the anisotropy of the carbon fibres. 
3.4.2 Cutting Tests and Results  
A set of tests were designed to observe the effects of the different methods of cutting 
carbon fibre.  Rovings of carbon fibres were cut with a laser, scissors designed for cutting 
composite fabric, crushed, and failed in tension.    
Fibres severed with different cutting modes were imaged in a scanning electron 
microscope to assess whether differences in cut quality could be observed.  These images 
are contrasted below in Figure 3-20. 
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Figure 3-20: SEM images of variation in fibre end quality after severing with 
different modes.  a) Laser on individual fibre b) laser on roving of fibres c) critical 
radius d) crushed e) tension f) scissors. 
In Figure 3-20 a) and b) a 10 Watt laser was used.  The fibres bent to critical radius 
failure in Figure 3-20 c) were severed by placing the fibres on a 30 Shore A durometer 
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backing and plunging a blade into the fibres until failure.  The crushed fibres (Figure 3-20 
d)) were produced by placing fibres on a steel plate and severing with a knife plunge. 
Figure 3-20 c) shows a bending failure in which the fibres were brought to their critical 
radius when bent around a cutting blade.  Fibres in Figure 3-20 f) were severed by hand 
scissors. 
In the sample cut with the 10 Watt laser, fusing of the fibre ends are shown in Figure 
3-20 b).  Figure 3-20 a) shows that the cut end of the fibre expands as it is affected by the 
laser.  The bending mode of failure produced fewer fragments of fibre compared to the 
crushing and scissor cutting modes.  In high-volume cutting, due to their size, these 
fragments would appear as dust in the cutting apparatus.    
 
Figure 3-21: SEM image of critical radius fracture. 
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Figure 3-22: SEM image of carbon fibres roving severed with 10 Watt laser. 
When the single carbon fibre is cut with a laser, the end of the carbon fibre expands.  The 
mechanism of this expansion was not explored in this work.  When a roving of fibres is 
cut with a laser, the ends of the fibres expand into one another and fuse together.  The 
fused fibre rovings may not be desirable in the production of the composite material since 
they may negatively affect the wet-out of the fibres during manufacturing. 
 
Figure 3-23: SEM image of affected outer surface of tension-failed fibres. 
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When fibres were failed in tension as shown in Figure 3-23, the surface of the fibres 
became affected along the length of fibre exposed to the tension.  This surface could 
possibly be the sizing from the fibres flaking off, or graphitic structures from the fibre 
that disassociated from the main structure of the fibre.  EDX was performed in attempt to 
determine the constitution of the flakes, but the technician could not confirm the 
constitution of the flakes due to their insufficient thickness to be able to be differentiated 
from the carbon fibre itself. 
3.4.3 Taguchi Design of Experiments Methodology and Results 
A Taguchi-style design of experiments was developed to quantify the relative influence 
of the blade geometry, backing durometer, and backing thickness on cutting force and 
work to cut.  The experiment was designed with control factors of three blade geometries, 
backing thicknesses of 6 mm, 10 mm, and 14 mm, and backing hardnesses of 42a, 70a, 
and 92a durometer.  The two-level noise factors to introduce experimental variability 
were chosen to be linear cutting speeds of 3.2 mm/s [7.5 ipm] and 5.3 mm/s [12.5 ipm] 
and laying the fibre either flat or folded in half.  An L9 orthogonal array was chosen 
which resulted in a total of 54 unique experiments, including the tests with no fibres to 
establish a baseline for work and force measurement.  
Minitab software was used to help compute the results of the design of experiments.  The 
signal was the peak cutting force extracted from the characteristic curves and the L9 
orthogonal array for experiments was set up according to the configuration shown in 
Table 3-4. 
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Table 3-4: Taguchi L9 array configuration. 
Experiment 
Number 
Blade Durometer Thickness 
1 1 42a 6 mm 
2 1 70a 10 mm 
3 1 92a 14 mm 
4 2 42a 10 mm 
5 2 70a 14 mm 
6 2 92a 6 mm 
7 3 42a 14 mm 
8 3 70a 6 mm 
9 3 92a 10 mm 
 
Figure 3-24: Mean effect on means for Taguchi DOE. 
Figure 3-24 shows that the durometer of the backing played the most significant role in 
the cutting force required and the signal to noise ratio, with a lower backing durometer 
having a lower cutting force required and resulting in less variation in the force required 
to cut across data samples as shown by the signal to noise ratio plots in Figure 3-25. 
50 
 
The higher signal to noise ratio of the softer backing indicates that the variability in force 
required to cut due to the noise factors is attenuated by the softer backing. 
 
Figure 3-25: Mean effect on signal to noise ratios for Taguchi DOE. 
The result of this Taguchi Design of Experiments was that the backing durometer plays 
the dominant role in the force required for a cut to be made.  Since the force to cut is 
related to the pressure on the knife edge, the hardness of the backing may also play a 
dominant role in the dulling of the blade or the robustness of the cutting process to blade 
wear.   
Work due to fibres, work to local minimum, plunge to cut, and total work were also 
considered as signal parameters to be optimized by the design of experiments, however 
the results were not as conclusive as the influence of backing durometer on cutting force. 
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3.4.4 Experimental Design for Final Rotary and Linear Tests 
The information gathered in the background and preliminary experimentation sections 
suggested that meaningful and novel information could be gathered from a more detailed 
analysis of the effects of the hardness of the backing material.  It remained to be observed 
whether a harder or a softer backing material would provide greater benefit to the cutting 
operation.  To answer this, the following sets of experiments were developed.    
The first set of experiments was to use the rotary cutter to cut a large quantity of carbon 
fibre in a ‘baseline’ cutting setup which closely resembled the cutter at the Fraunhofer 
Project Centre.  This consisted of the ‘baseline’ blades on the 60a durometer backing.   
The 12,000 filament T700 fibre used has a tex value of 0.8 kg/km.  At 25 mm per cut 
fibre in the rotary cutter and 10 blades per rotation, each 1 kg of fibre corresponds to 
5000 cuts per blade.  For every 1 kg of fibre cut on the rotary cutter, the blade wear 
approximated 57.6 kg of fibre cut on the FPC cutter based on a 24:1 roving ratio and 
24:10 blade ratio between the FPC and rotary cutter.  At a composite fibre mass fraction 
of 20%, 1 kg of carbon fibre cut during simulated wear testing corresponded to 288 kg of 
composite per kg of cut carbon fibre.  The 39.5 kg wear tests on 60a durometer backing 
would approximate 11376 kg of composite material.  For reference, this relationship is 
summarized in Table 3-5. 
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Table 3-5: Relationship between amount of fibre cut, number of cuts per blade, and 
equivalent mass of composite material. 
Fibre 
Cut (kg) 
Cuts per 
Blade 
Equivalent Mass of 
Composite Material 
(kg) 
1 5000 288 
5 25000 1440 
10 50000 2880 
15 75000 4320 
20 100000 5760 
25 125000 7200 
30 150000 8640 
35 175000 10080 
40 200000 11520 
At incremental points in the first 20 kg of cut fibre, tests on the linear cutter were 
conducted as wear on the backing and blade progressed.  Tests were conducted with the 
combinations of new blade with used backing, new backing with used blade, and used 
blade with used backing. 
The second set of wear tests involved a smaller study of up to 4kg of cut fibre on 
backings of 40a, 60a, and 80a durometer with ‘baseline’ blades.  This testing setup 
investigates the effects on backing and blade wear progression as the backing durometer 
is varied.  According to the relationship between tested fibre quantity and equivalent 
composite mass, the second set of wear tests on varied backing materials represented 
approximately 1152 kg of composite material production. 
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Chapter 4  
4 Observations and Discussion 
In this section, the results and observations of the experiments described in Chapter 3 are 
summarized and discussed.  To clarify the terminology, in this section a new backing is a 
backing cut from the same sample of backing used for the wear study, but is only used in 
the linear cutter.  The new backings showed no evidence of wear during testing on the 
linear cutter and the same new backing was used for an entire set of tests. 
4.1 Baseline Testing Setup 
4.1.1 Effect of Backing Durometer on Force Required to Cut 
The relationship between force required to cut and backing material is explored for new 
blades and new backings.  Figure 4-1 shows the force versus position plots for cuts with 
and without fibres on 40a, 60a, and 80a durometer backing materials.  
Changing the hardness of the backing fundamentally affects the characteristic curve.  
Harder backings reduce the depth of plunge required for the cutting force to increase and 
also increase the force required for a cut to be made.   
The difference in force between the peak cutting force and the local minimum force is 
greatest in harder backings.  This difference is possibly due to the thickness of the roving 
making up a greater percentage of the plunge depth on a harder backing.  As a result, 
after the cut is made, the effective plunge on the blade reduces by the thickness of the 
roving and the force drops.  In Figure 4-1, with 80a backing, the roving contacts the blade 
at approximately 0.2 mm above the backing surface and the peak force occurs at 
approximately 0.28 mm of plunge into the backing.  In this 80a durometer example, the 
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roving thickness makes up approximately 71% of the plunge depth at cut but in contrast 
the backings of 60a and 80a durometer were 19% and 12%, respectively.  
 
Figure 4-1:  Force versus position for varying backing hardnesses with new blade 
and new backing.  Blue curves have a cut occuring and green curves are backing 
only.  Hardnesses are a) 80a, b) 60a, and c) 40a durometer. 
The peak cut force as a function of backing durometer is plotted in Figure 4-2.  The peak 
force required to cut is highest on the hardest backing and as indicated by the 95% 
confidence interval bar it shows the most variation from cut to cut based on 3 samples.  
The way the fibre is positioned on the backing is not perfectly consistent from cut to cut 
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due to human variability in the manual setup of the test.  The increased variation in peak 
cut force measurement on harder backings is possibly due to the fibre’s variation in 
thickness between tests making up a larger proportion of the resulting force to cut. 
 
Figure 4-2: Effect of backing hardness on peak cutting force with new blade and 
new backing. Bars indicate 95% confidence interval. 
4.1.2 Effect of Backing Durometer on Work Metrics 
This section explores the effects of backing durometer changes on the work metrics 
described in Chapter 3 with new blades and new backing material. 
As shown in Figures 4-3 to 4-5, the softer backing material shows an increase in all work 
metrics compared to a harder backing.  The trend is consistent between metrics of work 
due to fibres, work to local minimum, and total work.  This increase in work can likely be 
attributed to the large increase in plunge depth required on softer backings which is only 
partially offset by the larger cutting force required on a harder backing.  Hysteresis due to 
viscoelasticity also increases on softer backing materials. 
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Figure 4-3: Effect of backing hardness on work to cut due to fibres with new blade 
and new backing. Bars indicate 95% confidence interval. 
 
Figure 4-4: Effect of backing hardness on work to local minimum during cutting 
with new blade and new backing. Bars indicate 95% confidence interval. 
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Figure 4-5: Effect of backing hardness on total work during cutting with new blade 
and new backing. 
4.2 Wear on Baseline Testing Setup 
This section explores the effects of wear of both the backing and blades with the 
‘baseline’ blade and 60a durometer backing.  In this set of experiments, 39.5 kg of fibre 
was cut, compared to the 4 kg of fibre cut with varying backing materials in section 4.3.  
The wear in the ‘baseline’ configuration was significant and equivalent to 197500 cuts 
per blade or, as described in Chapter 3, the equivalent of 11376 kg of composite material 
produced in full scale production. 
4.2.1 Blade Wear 
Blade wear can indirectly be measured by analysis of linear cutter data using a consistent 
backing material.  Figure 4-6 shows the progression of force required for cut using a new 
backing with blades of increasing wear.  The new backing used in Figure 4-6 was 
modified from having an initial width of 25 mm to having a 10 mm width.  The reduction 
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in backing width reduced the magnitude of measured force during the tests to stay within 
the load limit of the load cell.  
 
Figure 4-6: Peak force to cut for worn blades with new narrowed backing.  Bars 
indicate 95% confidence interval. 
The trend of increasing cut force is gradual until approximately 100000 cuts were made, 
after which point the force required for cut begins to increase more quickly and also vary 
greatly from test to test.  At 120000 cuts and beyond, the automatic peak finding 
algorithm did not accurately find peaks in the data and they were manually extracted at 
the point where the force versus position signal in a way that might indicate that the cut 
had been made.  An example of the manual peak source extraction is shown in Figure 
4-7.  At around the 1 mm position there is also a change in the load versus position signal 
that corresponds with a partial cut in the roving.  The plunge depths in the experiments 
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were carefully selected to be sufficient to sever all of the fibre roving with minimal 
excessive plunge.  
 
Figure 4-7: Manual extraction of peak cut force. 
The change in blade tip is shown in the cross sections in Figure 4-8.  The change in 
curvature of the blade tip is significant and the increase in the width of the blade at the 
bottom of the image suggests that the blade edge has receded significantly.  If the hone 
edges of the worn blade are extended to their intersection point, where the tip would be in 
a new blade, the distance between the virtual tip and the worn tip would be 0.159 mm as 
shown in Figure 4-9. 
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Figure 4-8: Cross section of a) new baseline blade and b) baseline blade after 39.5 kg 
of cut carbon fibre (197000 cuts). 
 
Figure 4-9: Extrapolation of blade tip location. 
a) b) 
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An image of the blade after 197500 cuts is shown in Figure 4-10.  The middle of the 
blade which probabilistically cut the greatest amount of fibre receded more than the area 
that only contacts the backing.  This suggests that blade wear is more due to carbon 
roving contact than the backing material alone.  The dark area under the red line is the 
blade grind and hone region. 
 
Figure 4-10: Side view of blade showing uneven wear along tip after 197500 cuts of 
T700 carbon fibre on 60a durometer backing material.  Red line used as reference 
to straight edge. 
 
Figure 4-11: Histogram of peak force to cut progression for blade wear with used 
backing. Bars indicate 95% confidence interval. 
In Figure 4-11, the 25 mm width backing roll was removed from the rotary cutter and 
installed in the linear cutting apparatus for linear testing with used blades.  The pattern of 
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increasing cutting force with increasing blade and backing wear is consistent with the 
increase on new backings with used blades, however with a larger jump in cutting force 
required at 100000 cuts.  The data points at 197500 cuts reached the maximum capacity 
of the load cell.  Discussed in greater detail in 4.2.2.1, the data points at 100000 and 
197500 cuts were measured adjacent to the grooves that had developed in the backing at 
that wear level.  When the cut was made in one of the grooves, there is a significant 
decrease in the force required for a cut, shown in Figure 4-23. 
With new blades on a used backing, shown in Figure 4-12, the force did not have the 
same progressive increase in force required to cut with the same number of cuts on the 
backing.  This suggests that the increase in force required for tests using worn blades and 
worn backing is more related to the wear on the blades than the degradation of the 
backing material.   
 
Figure 4-12: Histogram of peak force to cut progression for backing wear with new 
blades. Bars indicate 95% confidence interval. 
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4.2.2 Backing Wear 
Images were captured that show the progression of wear of the backing from 2 kg to 12 
kg and are compiled in Figure 4-13.     
 
Figure 4-13: Progression of 60a durometer backing wear. 
The progression of wear on the backing material was gradual, with the centre of the roll 
which contacted the fibres showing the first visual indication of being affected.  Over 
time, the outsides of the roll began to take on a metallic appearance.  This was possibly 
an aluminum oxide wearing off from the blade holder roll or carbon dust accumulating on 
the surface.  After 4 kg of cut fibre, the backing showed its first signs of small cuts in the 
axial direction of the backing. 
4 kg 2 kg 6 kg 
8 kg 10 kg 12 kg 
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4.2.2.1 Groove Development 
After 40kg of fibre was cut, significant backing degradation in the form of grooves was 
observable. The testing protocol changed for the 20th to 40th kg of fibre to reduce 
experimentation time by not removing the backing and blades from the rotary cutter for 
linear cutter testing.  It was at this point that the knives began contacting the backing in 
consistent locations which allowed the grooves to develop.  Figure 4-14Error! 
Reference source not found. shows the grooves that had developed by the end of 40 kg 
of cut fibre.  
There are 50 grooves around the circumference of the backing which is 5 times the 
number of blades.   To assess whether the grooves had an impact on the cut, the linear 
cutter was used to create characteristic curves with a new blade both in a groove and 
adjacent to a groove.  The results of this are discussed in section 4.2.2.4. 
There are two distinct types of grooves on the backing material.  The grooves can be 
categorized as minor and major grooves.  The first grooves to appear were minor grooves 
and were distributed relatively evenly around the backing.  After the 20 kg mark in 
testing, major grooves began to form with visually even distances between them.  It is 
possible that the major grooves grew from minor grooves as they grew to a sufficient size 
to begin meshing with the blades, fixing the ratio of rotation between the backing roll and 
the blade roll, facilitating the continued growth of the major grooves. 
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Figure 4-14: 60 durometer polyurethane backing after 40kg of cut carbon fibre. 
 
Figure 4-15: Cut in 70a durometer polyurethane backing material with impregnated 
fibre fragments. 
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The backing material shown in Error! Reference source not found. was the pourable 
urethane used in the Taguchi Design of Experiments. 
 
Figure 4-16: Optical microscopy of cross section of polyurethane backing material 
groove after 39.5 kg of cut fibre. 
A cross section of one of the major grooves is shown in Figure 4-16.  The depth of the 
groove is approximately 1 mm. 
4.2.2.2 Profilometer and Durometer Measurements 
To quantitatively assess the degradation of the backing over time, a Mitutoyu Surftest 
201 profilometer was used to measure the surface roughness of the backing.  For the 
tests, the profilometer was set to a 0.25 x 5 mm cut-off and sample number.  The 
arithmetic average of absolute values of surface roughness, Ra, was calculated by the 
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profilometer based on the measured surface profile.  These measurements were taken for 
a 60a backing from the rotary cutter for up to 16kg of cut fibre and then again at 40kg of 
cut fibre.  For 40a and 80a durometer backings, measurements were taken at 0.5 kg, 1 kg, 
2 kg, and 4 kg of chopped fibre. 
 
Figure 4-17: Histogram of surface roughness measurements in middle of backing 
material, up to 39.5 kg of cut carbon fibre (197500 cuts per blade) with 60a 
durometer backing.  Bars indicate 95% confidence interval. 
In the middle of the backing material, the average surface roughness increased as the 
amount of fibre cut increased, except for an outlier at 2 kg which could possibly be 
attributed to a local anomaly in an area of the backing material.  This is possibly due to 
the small cuts developing in the fibre as shown in Figure 4-13.  The measurement taken 
at 40 kg is across the ‘minor’ grooves shown in Figure 4-14..  Measurements were taken 
across the ‘major’ grooves showing an increased value, however the absolute value of the 
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measurement is not relevant as the stylus of the surface roughness measurement device 
was too short to capture the full depth of the groove. 
 
Figure 4-18: Surface roughness measurements in middle of backing material, up to 
4kg of carbon fibre (20000 cuts per blade) with 40a, 60a, and 80a durometer 
backings. Bars indicate 95% confidence interval. 
Figure 4-18 shows the surface roughness progression on varying backing types.  There is 
no clear trend in the data.  It is possible that with increased wear beyond 4 kg of cut 
carbon fibre that greater differences in surface roughness would be present.  
In Figure 4-19, only the 80a durometer backing showed a change in durometer.  The last 
data point, after 4 kg of fibre showed a reduction of durometer by 1 point on the scale for 
the 80a backing.   
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Figure 4-19: Scatter plot of measured change in durometer of backing material for 
wear tests. 
The 40a and 60a backings showed no change in durometer over the 4 kg of cut fibre.  In 
the extended wear test, the 60a durometer backing showed a reduction of durometer by 1 
point after 12 kg of cut fibre. 
It is possible that small changes in backing durometer occurred gradually for all backing 
types but were below the resolution of the analog durometer gauge.  The measured 
change in hardness of the 80a backing is possibly due to the formation of minor grooves 
on the surface of  the backing material. 
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4.2.2.3 Effect of Backing Wear on Characteristic Curves 
 
Figure 4-20: Worn 40a durometer backing 0 to 4 kg (20000 cuts) chopped T700 
carbon fibre with worn blade. 
From the initial data point of a new blade, the force required to cut on a 40a backing 
increases with 20000 cuts of wear by approximately 6 N, which is the smallest increase 
compared to 60a and 80a durometer backings.  This suggests that a softer backing may 
cause the cutting device to continue cutting for longer. 
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Figure 4-21: Worn 60a durometer backing 0 to 4 kg (20000 cuts) chopped T700 
carbon fibre with worn blade. 
From the initial data point of a new blade, the force required to cut on a 60a backing 
increases with 20000 cuts of wear by approximately 10 N.  A 10 N increase in force is 
more than the 40a backing but less than the 80a backing.   
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Figure 4-22: Worn 80a durometer backing 0 to 4 kg (20000 cuts) chopped T700 
carbon fibre with worn blade. 
From the initial data point of a new blade, the force required to cut on 80a durometer 
backing increases with 20000 cuts of wear by approximately 28 N.  A 28 N increase is 
the greatest between compared backing materials and suggests that the harder backing 
causes degradation in the cutting efficiency more than the softer backing. 
4.2.2.4 Linear Cutting on Used Backing with and Without Grooves 
In Figure 4-23 the difference between cutting adjacent to and in the groove can be 
observed.  The red and blue lines indicate two test samples to show repeatability and the 
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green lines are the curves generated when no fibres are placed on the backing but the 
blade is plunged to the same depth.   
 
Figure 4-23: Force versus position plots for cutting in ‘major’ and ‘minor’ grooves 
with new blade on 39.5 kg worn backing. 
When the cut occurs in the groove, the amount of force required to cut is significantly 
decreased compared with a cut adjacent to the groove.  This difference in force is of 
particular interest since the cutting force is reduced by approximately 50% when the cut 
occurs in a groove and with a new blade.  Figure 4-24 is similar to Figure 4-23 except the 
197500 cut blade is used and the peak cut force is higher due to the blade being worn.  
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Figure 4-24: Force versus position plots for cutting in ‘major’ and ‘minor’ grooves 
with 39.5 kg (197500 cuts) worn blade on 39.5 kg worn backing. 
A more pronounced reduction of force required to cut occurred with the grooves on the 
blades with significant wear.  The force required for a cut is reduced by approximately 
80% when the cut is made in a groove compared to when a cut is made adjacent to a 
groove. 
The reduction of required cut force discussed above is possibly due to the sides of the 
groove contributing to the bending of the fibres around the blade by applying pressure to 
the sides of the blade.  This would support the hypothesis that during backed fibre, the 
fibres break when they are bent to beyond their critical radius around a sufficiently sharp 
edge. 
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Figure 4-25: Illustration of blade cutting fibre in grooved backing. 
 
Figure 4-26: Grooved backing installed in linear cutter. 
Force applied by backing 
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4.2.3 Change of Characteristic Curve Shape with Increased Blade Wear 
As the blade wears, the force required to cut on the linear cutter increases with the plunge 
required to cut as shown in Figure 4-27.  The same figure also shows that as the wear on 
the blade increases, the force drop after the cut becomes less sharp and eventually 
becomes difficult to identify in the force versus position plots.   
 
Figure 4-27: Force versus position plots up to 197500 cuts on new 60a durometer 
backing. 
Particularly on the harder 80a durometer backing, as the blades wear, the shape of the 
characteristic curve changes and the force required to cut increases.  The 80a durometer 
curves in Figure 4-29 show this particularly clearly.  On the teal and red curves, in which 
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blades with 20000 cuts were used, there is no drop in force to a local minimum in the 
typical characteristic curve.  This could be explained by the cut transitioning to being a 
progressive cut as shown in Figure 4-28 or the cut transitioning into more of a crushing 
mode. 
 
 
Figure 4-28: Progressive cut on new backing with 39.5 kg worn blade on 60a 
durometer new backing. 
The elimination of the cutting force drop at cut in the force versus position plots with 
higher blade wear is possibly due to the fibres cutting more progressively rather than all 
at the same time as blade wear increases.  Figure 4-28 shows the lateral edges of the fibre 
roving severing before the middle.  This correlates with the optical microscopy in Figure 
4-10 that showed increased wear in the middle of the blade where the carbon fibre cuts 
Outside of fibre cuts 
before middle 
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were made compared with the outside where the blade contact was only with the backing 
material. 
4.2.4 Dust Generation 
The amount of carbon particle dust generated with different modes of cutting was shown 
earlier in Figure 3-20.  During the rotary cutter testing, there was minimal dust generated 
during all testing.  This is consistent with the low amount of dust present on the critical 
bend fracture mode in Figure 3-20 compared to the crushing and shear severing modes.  
It may be hypothesized, however, that as the hardness of the backing increases the dust 
generation would increase as the cutting mode changes from the critical radius bending to 
the crushing mode. 
4.3 Wear of Blade on Varying Backing Hardness 
4.3.1 Change of Characteristic Curve Due to Wear on Different Backings 
Figure 4-29 shows the progression of force versus position curves, with wear, of 40a, 
60a, and 80a backing materials with all combinations of new and used blades with new 
and used backing materials.  The hardest backing has the largest increase in force 
required to cut with wear and also loses the drop to local minimum after 4 kg of cut fibre.  
The difference between new and used backings with used blades is also greatest on the 
harder backing. This suggests that the 80a backing may be wearing more quickly than the 
softer backings. 
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Figure 4-29: Blade and backing wear differences versus backing durometer after 
cutting 4kg (20000 cuts) of T700 fibre (filtered data for cleaner representation). 
Hardnesses are a) 80a, b) 60a, and c) 40a durometer. 
4.3.2 Blade Cross Sections 
After the rotary cutting trials, the used blades were cut in the middle of the blade that 
showed the highest wear on a diamond saw and the cross sections were imaged on a 
microscope.    
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Figure 4-30: New ‘baseline’ blade. 
The edge of a new blade is shown in Figure 4-30.   Blades were removed from the cutting 
wheel at points in testing to show the progression of wear.  These blades are shown in 
Figure 4-31 through Figure 4-33 below. 
 
Figure 4-31: Blades worn by a) 40a, b) 60a, and c) 80a backings after 0.5 kg of cut 
fibre (approximately 2500 cuts). 
a) b) c) 
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Figure 4-32: Blades worn by a) 40a, b) 60a, and c) 80a backings after 2 kg of cut 
fibre (approximately 10000 cuts). 
 
Figure 4-33: Blades worn by a) 40a, b) 60a, and c) 80a backings after 4 kg of cut 
fibre (approximately 20000 cuts). 
The blade used on the 80a durometer backing experienced the greatest amount of wear.  
Since the cutting force is also highest on the 80a durometer backing, the increased wear is 
likely caused by the increased force required to cut.  The amount of wear on the blades 
worn by 40a and 60a backings appear similar.  The wear is quantified with the distance to 
extrapolated blade tip location, described in Figure 4-9 are summarized in Figure 4-34.   
a) b) c) 
a) b) c) 
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Figure 4-34: Distance from worn tip to extrapolated new tip position progression 
versus backing hardness. 
Increased backing hardness is correlated with increased recession in the blade edge and 
blade edge recession progresses with increased number of cuts by the blade.  The 
increased recession in blade edge is consistent with the increased force required to cut 
progression on harder backings shown in Figure 4-20 through Figure 4-22. 
4.3.3 Backing Durometer Effect on Peak Cut Force 
Figure 4-35 to Figure 4-37 show the peak force to cut on combinations of new blade with 
new backing, new blade with used backing, and used blade with used backing on 40a, 
60a, and 80a durometer backings for 0 to 4 kg of fibre cut (20000 cuts per blade.) 
It is expected that the peak cut force will correlate most closely with blade wear due to it 
being proportional to the pressure of the fibre on the blade. 
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Figure 4-35: Peak cut force on 40a, 60a, and 80a backings with new blade and worn 
backing.  Each point represents a single test. 
 
Figure 4-36: Peak cut force on 40a, 60a, and 80a backings with worn blade and 
worn backing.  Each point represents a single test. 
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Figure 4-37: Peak cut force on 40a, 60a, and 80a backings with worn blade and new 
backing.  Each point represents a single test. 
With only the backing wearing, shown in Figure 4-35, the peak cut force on the 80a 
durometer appears to slightly decrease, on 40a durometer it appears to slightly increase, 
and on the 60a durometer it also appears to slightly increase.  However, the change is 
relatively small compared to the change that occurs with wearing blades and is not 
significant.  On the 80a durometer backing, it is possible that minor grooves are forming 
which would cause a reduction in peak cutting force.   
With both the blade and the backing wearing together, Figure 4-36, the peak cut force 
increased the most with the 80a durometer backing, however significantly less than it did 
with a new backing.  This is possibly due to the backing degradation effectively softening 
the backing and therefore reducing the cut force.  The force to cut on the 40a and 60a 
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backings also increased, however with the 40a durometer backing it appeared to slightly 
decrease at 20000 cuts. 
With only the blade wearing, the peak cut force also increased the most on the 80a 
durometer backing.  The force to cut also increased with the 40a and 60a backings.    
4.3.4 Backing Durometer Effect on Total Work during Cut 
Figure 4-38 to Figure 4-40 show the total work on combinations of new blade with new 
backing, new blade with used backing, and used blade with used backing on 40a, 60a, 
and 80a durometer backings for 0 to 4 kg of fibre cut (20000 cuts per blade.) 
 
Figure 4-38: Total work on 40a, 60a, and 80a backings with worn blade and new 
backing.  Each point represents a single test. 
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Figure 4-39: Total work on 40a, 60a, and 80a backings with worn blade and worn 
backing.  Each point represents a single test. 
 
Figure 4-40: Total work on 40a, 60a, and 80a backings with new blade and worn 
backing.  Each point represents a single test. 
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With only the blade worn, in Figure 4-38, the total work also had a drastic increase 
during wear for the 80a backing.  The 40a and 60a backings initially showed an increase 
in total work. At around 10000 cuts the work stopped increasing for the 60a backing. 
With both the blade and backing worn together, in Figure 4-39, the total work had a 
drastic increase during wear for the 80a backing.  The 40a and 60a backings also showed 
an increase in work although it was less severe. 
With only the backing worn, in Figure 4-40, the total work did not have a strong 
difference in trend across the backings.  In the 60a and 80a backings, the total work 
initially decreased with wear and then began to increase again.  The 40a total work 
increased slightly and then decreased again.   
4.3.5 Backing Durometer Effect on Work Due to Fibre 
 
Figure 4-41: Work due to fibre on 40a, 60a, and 80a backings with worn blade and 
new backing.  Each point represents a single test. 
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Figure 4-42: Work due to fibre on 40a, 60a, and 80a backings with worn blade and 
worn backing.  Each point represents a single test. Experimental data for 5000 cuts 
on 40a backing was not captured. 40a data point for 5000 cuts is missing. 
 
Figure 4-43: Work due to fibre on 40a, 60a, and 80a backings with new blade and 
worn backing.  Each point represents a single test. 
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With only the blade worn, in Figure 4-41, the work due to fibre increased the most with 
the 80a durometer backing, with it beginning having the least work.  The increase in 
work due to fibre likely due to the large increase in force required for the cut to be made.  
With the 40a backing, it initially increased and then leveled off at around 5000 cuts.  
With the 60a backing, the force slightly increased after 20000 cuts. 
With both the backing and blade worn, in Figure 4-42, all combinations showed a similar 
trend in increasing work due to fibre, however the 80a durometer started with the lowest 
work due to fibre and finished with the highest work due to fibre.  The trend with only 
the backing wearing shows a slight increase with backing wear for the 40a backing. 
4.3.6 Backing Durometer Effect on Plunge Depth 
 
Figure 4-44: Plunge on 40a, 60a, and 80a backings with worn blade and new 
backing.  Each point represents a single test. 
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Figure 4-45: Plunge on 40a, 60a, and 80a backings with worn blade and worn 
backing.  Each point represents a single test. 
 
Figure 4-46: Plunge on 40a, 60a, and 80a backings with new blade and worn 
backing.  Each point represents a single test. 
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With only the blade worn, Figure 4-44, the plunge depth on the 80a backing significantly 
increased with blade wear.  For 40a and 60a backings there was not a large change in 
plunge depth. 
With both the blade and backing worn, Figure 4-45, the 80a backing significantly 
increased in plunge depth and 60a backing showed an increase in plunge with wear. The 
40a backing initially increased in plunge depth slightly and then decreased again. 
With only the backing worn, Figure 4-46, the plunge did not show a trend with any of the 
backing hardnesses.  The 40a backing required the most plunge, followed by the 60a 
backing and then the 80a backing. 
4.3.7 Backing Durometer Effect on Work to Local Minimum 
 
Figure 4-47: Work to local minimum on 40a, 60a, and 80a backings with worn blade 
and new backing.  Each point represents a single test. 
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Figure 4-48: Work to local minimum on 40a, 60a, and 80a backings with worn blade 
and worn backing.  Each point represents a single test. 
 
Figure 4-49: Work to local minimum on 40a, 60a, and 80a backings with new blade 
and worn backing.  Each point represents a single test. 
93 
 
With only the blade worn, Figure 4-47, the work to local minimum increased similarly 
across all of the backing hardnesses. 
With both the backing and the blade worn, Figure 4-48, the 80a durometer had the largest 
increase in work to local minimum with increased wear.  The 40a and 60a backings 
showed a trend of an increase of work to local minimum with increased wear, except 
after 10000 cuts, the 40a durometer backing showed a reduction in work to local 
minimum. 
With only the backing worn, Figure 4-49, the work to local minimum did not show large 
changes with any of the backing types.  The 80a backing showed a slight decrease in 
work to local minimum with increasing wear, possibly due to the surface degradation 
having a similar effect as softening of the backing. 
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Chapter 5  
5 Summary, Conclusions, and Future Work 
5.1 Summary 
As the industry transitions to carbon fibre reinforcements for high-volume automotive 
reinforced polymer applications, it is important that carbon fibre cutting tools are suitably 
analyzed and developed. 
The goals of this study were to investigate the backed fibre cutting mechanism and the 
effects of backing material on the cutting operation.  The backed cutting operation 
appears to depend on the fibres reaching their critical radius.  Optical microscopy and 
loop elastica testing showed that carbon fibres have a significantly smaller critical radius 
than glass fibres, possibly due to the anisotropy of carbon fibre. 
An instrumented linear cutting device was developed which effectively provided insight 
into the backed cutting mechanism.  40a, 60a, and 80a durometer backings were assessed 
on the device with new blades.  Harder backings were correlated with higher forces 
required to cut and less work required to cut due to a reduction in required plunge depth.   
A rotary cutting device was developed which allowed for the controlled observation of 
both blade and backing degradation over time with 40a, 60a, and 80a durometer backing 
hardnesses.  The instrumented linear cutting device was used on backings and blades to 
quantify the effects of wear and correlate them with wear measurements taken by optical 
microscopy of the worn blades.     
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All observations during testing were consistent with the hypothesis that the backed fibre 
cutting mechanism severs fibres when the fibres are bent to beyond their critical radius. 
It was shown in Section 4.2.2.1 that the development of grooves in a 60a durometer 
backing reduced the amount of force required for a cut to be made by approximately 50% 
with new blades and by approximately 80% with worn blades compared to flat backing.  
When blades were dulled to the point of not easily cutting fibres on a flat backing, they 
still were able to cut on the grooved backing with less than the force required for a new 
blade to cut on a new backing.  
It was shown that a softer backing material reduces the force required to cut, delays the 
degradation on the blades, and also slightly delays the increase in force required to cut at 
the cost of increased work consumption of the cutting operation.   
5.2 Conclusions 
 Softer backing materials reduces blade wear 
 Backing shape, in the form of grooves, reduces force required to cut 
 Force required to cut correlates with rate of blade wear 
 Instrumented linear cutter is able to quantify blade wear consistent with optical 
microscopy 
5.3 Future Work 
In this work, it was observed that the grooves formed in the backing due to wear increase 
the cutting efficiency by reducing the force required to cut by a significant amount.  
These grooves, however, were naturally formed as a product of continued use of the 
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cutting apparatus.  It may be possible to further increase cutting efficiency by consciously 
optimizing the shape of the backing to improve cutting efficiency.  With a shaped 
backing, extended wear testing would be advised in order to determine the effect of 
cutting a large amount of fibre when compared to on a flat backing. 
This work showed that softer backing materials reduce the blade wear and therefore may 
extend the service interval of the cutting machine.  At the end of the 4 kg test on the 
softer backing durometer, the cutter was still cutting without issue.  It is possible that a 
failure mode other than one due to blade dullness may cause the cutter to stop operating.  
The strength of polyurethane decreases with its hardness and it is possible that the 
backing may degrade more rapidly if it is softer while preserving the blades.  Extended 
wear testing on a softer backing material would therefore be recommended to address this 
concern. 
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Appendices 
Appendix A: Carbon fibre specifications. 
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Appendix B: Glass fibre specifications. 
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Appendix C: Baseline blade drawing. 
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Appendix D: Linear cutter drawings. 
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Appendix E: Load cell specification sheet. 
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Appendix F: LVDT specification sheet. 
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Appendix G: LVDT signal conditioner specification sheet. 
 
115 
 
Appendix H: Load cell calibration data. 
Applied 
Force (N)  
Post-
calibration 
Measured 
Force (N)  
Error (N)  Error (%)  
0.00  0.02  0.02  NA  
4.90  4.90  0.00  0.00%  
10.00  10.00  0.00  0.00%  
15.00  15.00  0.00  0.00%  
20.00  20.00  0.00  0.00%  
24.90  24.93  0.03  0.12%  
29.99  30.05  0.06  0.20%  
34.96  34.97  0.01  0.03%  
39.95  39.95  0.00  0.00%  
44.95  44.90  0.05  0.11%  
39.95  40.01  0.06  0.15%  
34.96  35.04  0.08  0.23%  
29.93  30.05  0.12  0.40%  
24.94  25.01  0.07  0.28%  
19.95  20.03  0.08  0.40%  
14.97  15.05  0.08  0.53%  
10.00  10.05  0.05  0.50%  
5.04  5.08  0.04  0.79%  
0.03  0.08  0.05  NA  
max  0.12  0.79%  
min  0.00  0.00%  
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Appendix I: Peak finding algorithm. 
%Robust Peak Finder 
  
window=int16(numel(N)/90); 
  
x=2; 
count=1; 
Pcount=1; 
location(1)=1; 
  
  
for x=2:(numel(N)-window) 
    [Ptemp(x),location(x)]=max(N(x:x+window)); 
    if location(x)==location(x-1)-1 
        count=count+1; 
    else 
        count=1; 
    end 
    if count>=window 
        P(Pcount)=Ptemp(x); 
        Ploc(Pcount)=location(x)+x-1; 
        Pcount=Pcount+1; 
        count=1; 
    end 
end 
  
%Minimum Peak Finder 
  
x=2; 
Lcount=1; 
LPcount=1; 
Lloc(1)=1; 
  
for x=2:(numel(N)-window) 
    [LPtemp(x),Lloc(x)]=min(N(x:x+window)); 
    if Lloc(x)==Lloc(x-1)-1 
        Lcount=Lcount+1; 
    else 
        Lcount=1; 
    end 
    if Lcount>=window 
        LP(LPcount)=LPtemp(x); 
        LPloc(LPcount)=Lloc(x)+x-1; 
        LPcount=LPcount+1; 
        Lcount=1; 
    end 
end 
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Appendix J: Rotary cutter drawings. 
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Appendix K: Permissions. 
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